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Chapter 5 s
Gravity Techniques ' 1

3.5um/s 2
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5-1. Introduction

Lateral density changes in the subsurface cause a chang
in the force of gravity at the surface. The intensity of the
force of gravity due to a buried mass difference (concen-
tration or void) is superimposed on the larger force of
gravity due to the total mass of the earth. Thus, two 0.0 : T T
components of gravity forces are measured at the earth’s 0.0 1.0 20 3.0 40
surface: first, a general and relatively uniform component DEPTH / DIAMETER

due to the total earth, and second, a component of much

smaller size which varies due to lateral density changesFigure 5-1. Normalized peak vertical attraction versus
(the gravity anomaly). By very precise measurement of depth-to-diameter ratio for a spherical body. Values
gravity and by careful correction for variations in the &re fora 10-m sphere with a 1.0-g/cc density contrast.
larger component due to the whole earth, a gravity survey

can sometimes detect natural or man-made voids, variay, oo prepared. The body under consideration is a sphere.

tions in the depth to bedrock, and geologic structures ofrpe ertical axis is normalized to the attraction of a
engineering interest. sphere whose center is at a depth equal to its diameter.
For illustration, the plotted values give the actual gravity
values for a sphere 10 m in diameter with a 1,000 Kg/m

(1.0 g/cc) density contrast. The horizontal axis is the

For engineering'and environmental applications, the scale.44iq of depth to diameter. The rapid decrease in value
of the problem is generally small (targets are often from ., depth of burial is evident. At a ratio of depth to

1-10 m in size). Therefore, conventional gravity measure- jiameter greater than 2.0, the example sphere falls below
ments, such as those made in petroleum exploration, arge hractical noise level for most surveys as will be dis-
inadequate. Station spacings are typically in the range of

. X . cussed below.
1-10 m. Even a new name, microgravity, was invented to

describe the work. Microgravity requires preserving all of (2) A second guideline or rule of thumb is that
the precision possible in the measurements and analysis sgp|ess you are very close to the body its exact shape is

that small objects can be detected. not important. Thus, a rectangular-shaped horizontal
tunnel can be modeled by a horizontal circular cylinder
- and a horizontal cylinder sometimes can be modeled by a
' horizontal line source.  Odd-shaped rooms can be
paragraph 2-(3). modeled by disks and where close to the surface, even

N infinite or semi-infinite slabs.
(1) A distribution of small masses at a shallow depth

can produce the same effect as a large mass at depth. Among the many useful nomograms and charts
External control of the density contrast or the specific ihat gre available Figure 5-2 (which is adapted from
geometry is required to resolve ambiguity questions. This p; (1975)), is very practical. The gravity anomaly is

external control may be in the form of geologic plausibil- |inear with density contrast so other density contrasts can
ity, drill-hole information, or measured densities. be evaluated by scaling the given curves. For cylinders
] ] S of finite length very little correction is needed unless the

(2) The first question to ask when considering & cyjlinder length is less than four times its width. Net-

gravity survey is “For the current subsurface?rpodel, Canyieton (1971) gives the correction formula for finite length
the resultant gravity anomaly be detected?”.  INputs o cylinders. A useful simple formula is the one for an
required are the probable geometry of the anomalousiyfinite slab. This formula is:

region, its depth of burial, and its density contrast. A
generalized rule of thumb is that a body must be almost A, =211 G t Ap (5-1)
as big as it is deep. To explore this question Figure 5-1 ®
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5-2. Applications

a. Gravity surveys are limited by ambiguity and
the assumption of homogeneity discussed
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GRAVITY ANOMALY DUE TO
LONG HORIZONTAL CYLINDRICAL CAVITIES
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Figure 5-2. Gravity anomalies for long horizontal
cylindrical cavities as a function of depth, size, and
distance from peak

where

A, = vertical attraction, um#g(1 um/¢ = 10° m/s
= 10*cm/s = 10 gal = 1G pgal)

G = 0.668x1¢, Universal Gravitational Constant
in {m¥[kg-s’]}10°

t = thickness, m

Ap, = density contrast, kg/in

fault or slab-like body, the anomaly will change from zero
far away from the body to (EStAp,) at a point over the
body and far away from the edge (above the edge the
value is GtAp,). This simple formula can be used to
quickly estimate the maximum response from a slab-type
anomaly. If the maximum due to the infinite sheet is not
detectable then complicated calculations with finite bodies
are not justified. Nettleton (1971) is a good source of
formulas that can be used to approximate actual mass
distributions.

d. Items which should not be overlooked in estimat-
ing the probable density contrast are:

(1) Variability (1,000 to 3,500 kg/@ of the density
of rocks and soils.

(2) Possibility of fractures and weathering in rocks.
(3) Probability of water filling in voids.

Each of these items should be individually considered
before a density contrast is set. The effects of upward-
propagating fractures, which can move a mass deficiency
nearer the surface, and the presence or absence of air
pockets usually cannot be evaluated if one is after subsur-
face mass deficiencies. However, these effects will
increase the amplitude of the anomaly, sometimes by a
factor of two or more.

5-3. Noise Evaluation

Usually more important in a feasibility study than the
anomaly evaluation is the estimation of the noise sources
expected. This section will discuss the larger contribu-
tions to noise and evaluate each.

a. Modern instruments have a least-significant scale
reading of 0.01 umfs However, repeated readings
including moving the meter, releveling, and unclamping
the beam several times indicate an irreducible meter read-

As an example, consider a 1-m-thick sheet with a densitying error of about +0.05 pnis New electronically aug-
contrast with its surroundings twice that of water. From mented versions of these meters consistently repeat to

Equation 5-1, the calculation would be ,A=
21(0.668x10"(1.0)(2,000) umA= 0.84 um/&

c. A surprising result from potential theory is that

+0.02-0.03 umf Some surveys may do slightly better,
but one should be prepared to do worse. Factors which
may significantly increase this type of error are soft foot-
ing for the gravimeter plate (surveys have been done on

there is no distance term in this formula. The intuitive snow), wind, and ground movement (trucks, etc.) in the
objections can be quelled by focusing on the fact that thefrequency range of the meter. Again, the special versions
slab is infinite in all directions. The usefulness of this of these meters which filter the data appropriately can
formula increases if one recognizes that the attraction of acompensate for some of these effects. A pessimist, with
semi-infinite slab is given by one-half of the above for- all of the above factors in action, may allow +0.08 to
mula at the edge of the slab. Thus near the edge of &.1 um/$ for reading error.

5-2



EM 1110-1-1802
31 Aug 95

b. Gravity measurements, even at a single location, Ggzs= observed gravity value in pni/s
change with time due to earth tides, meter drift, and tares.
These time variations can be dealt with by good field  Ap, = near-surface density of the rock in kg/m
procedure. The earth tide may cause changes of
2.4 um/¢ in the worst case but it has period of about Ah = elevation difference between the station

12.5 hr; it is well approximated as a straight line over and datum in m
intervals of 1-2 hr or it can be calculated and removed.
Drift is also well eliminated by linear correction. Detec- (c) If these formulae were analyzed, see that the

tion of tares and blunders (human inattention) is also aelevation correction is about 20 nri/ger cm. It is
matter of good field technique and repeated readings.impractical in the field to require better than +1-1.5 cm
One might ascribe 10-20 nm/do these error sources, leveling across a large site, so +30-40 md$ error is
when these errors are estimated. possible due to uncertainty in the relative height of the
stations and the meter at each station.
(1) Additional errors can occur during the data cor-
rection process. Three major contributions to the gravity (d) The formula for free air and Bouguer corrections
field at a station are corrected by processing. Details ofcontains a surface density value in the formulas. If this
the free air, Bouguer slab and terrain corrections will not value is uncertain by +£10 percent, its multiplication times
be expressed here (see Blizkovsky (1979)), but the for-Ah can lead to error. Obviously, the size of the error
mula will be given. depends omdh, the amount of altitude change necessary
to bring all stations to a common level. The size of the
(@) The smooth latitude dependence of gravity is Ah for each station is dependent on surface topography.

given by the following equation: For a topographic variation of £1 m (a very flat site!) the
10-percent error in the near surface density corresponds to
g = 9.780318m/s? (1 + 0.0053024 sifp +60 nm/€. For a £10-m site, the error is +0.6 w‘h/SA”

(5-2) of these estimates are based on a mistaken estimate of the
near surface-density, not the point-to-point variability in
density, which also may add to the error term.

- 0.0000059 sify)

where
(2) The terrain effect (basically due to undulations in
g = acceleration of gravity in nfs the surface near the station) has two components of error.
One error is based on the estimate of the amount of mate-
¢ = latitude in decimal degrees rial present above and absent below an assumed flat sur-

face through the station. This estimate must be made
Calculations will show that if the stations are located with quite accurately near the station; farther away some
less than 0.5 to 1.0 m of error, the error in the latitude approximation is possible. In addition to the creation of
variation is negligible. In fact, for surveys of less than the geometric model, a density estimate is also necessary
100 m north to south, this variation is often considered for terrain correction. The general size of the terrain
part of the regional and removed in the interpretation step.corrections for stations on a near flat (x3-m) site the size
Where larger surveys are considered, the above formulaof tens of acres might be 1 ur/sA 10-percent error in
gives the appropriate correction. the density and the terrain model might produce

+0.1 um/$ of error. This estimate does not include ter-

(b) The free-air and the Bouguer-slab are correctedrain density variations. Even if known, such variations

to a datum by the following formula (the datum is an are difficult to apply as corrections.
arbitrary plane of constant elevation to which all the
measurements are referenced): c. To summarize, a site unsuited for microgravity
work (which contains variable surface topography and
variable near-surface densities) might produce 0.25-

Gy = Gogs[1 + (3.086 - 0.00042p,) AN] 43 o6 um/$ of difficult-to-reduce error.
where 5-4. Rock Properties
G, = simple Bouguer corrected gravity value Values for the density of shallow materials (also note
measured in pmis Table 3-1) are determined from laboratory tests of boring
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and bag samples. Density estimates may also be obtainef ;=51

from geophysical well logging (see paragraph K{il)). Density Approximations for Representative Rock Types
Table 5-1 lists the densities of representative rocks. Density
Densities of a specific rock type on a specific site will not
have more than a few percent variability as a rule (vuggy Number of Mean — Range
limestones being one exception). However, unconsoli- X2k TYPe Samples (kgfm)  (kg/m)
dated materials such as alluvium and stream channel Igneous Rocks
materials may have significant variation in density. Granite 155 2,667 2,516-2,809
Granodiorite 11 2,716 2,668-2,785
5-5. Field Work Syenite 24 2,757 2,630-2,899
Quartz Diorite 21 2,806 2,680-2,960
Diorite 13 2,839 2,721-2,960
a. General Gabbro (olivine) 27 2,976 2,850-3,120
Diabase 40 2,965 2,804-3,110
(1) Up to 50 percent of the work in a microgravity Peridotite 3 3,234 3,152-3,276
survey is consumed in the surveying. For the very pre-Punite 15 3277 3,204-3,314
. . . . Pyroxenite 8 3,231 3,100-3,318
cise work described above, relative elevations for all 5,0 hosite 12 2734 2.640-2.920
stations need to be established to +1 to 2 cm. A firmly rhyolite obsidian 15 2,370 2,330-2,413
fixed stake or mark should be used to allow the gravity Basalt glass 11 2,772 2,704-2,851
meter reader to recover the exact elevation. Position in Sedimentary Rocks
plan is less critical, but relative position to 50-100 cm or
10 percent of the station spacing (whichever is smaller) issg?iséfe”re 1 2500
usually sufficient. Satellite surveying, GPS, can achieve gagford 297 2.400
the required accuracy, especially the vertical accuracy, Berea 18 2,390
only with the best equipment under ideal conditions. Cretaceous,Wyo. 38 2,320
Limestone
(2) High station densities are often required. It is not (BBIESKRF?“S/; 1(1) 2%8
unusual for intervals of 1-3 m to be required to map genperger 57 2.750
anomalous masses whose maximum dimension is 10 Mpolomite
Because the number of stations in a grid goes up as the Beckmantown 56 2,800
square of the number of stations on one side, profiles are Niagara 14 2,770
often used where the attitude of the longest dimension ofg'r?;'léG'ee” River) 1 2,260
the sought body can be established before the survey pennsyivania 2.420
begins. Cretaceous 9 2,170
Silt (loess) 3 1,610
(3) After elevation and position surveying, actual Sand
measurement of the gravity readings is often accom-\F/':; fine ig i'ggg
plished by one person in areas where solo work is Silt-sand-clay '
allowed. Because of short-term variations in gravimeter Hudson River 3 1,440
readmgs caused by less than perfect elasticity of the mov- Metamorphic Rocks
ing parts of the suspension, by uncompensated environ
mental effects, and by the human operator, it is necessan"eiss (Vermont) 7 2,690 2,660-2,730
to improve the precision of the station readings by repeti- G;\i';'ttﬁaene'ss 1 2610 2.580.2.630
tion. The most commonly used survey technique is t0 gpeiss (New York) o5 2.840 2.700-3.060
choose one of the stations as a base and to reoccupy thatchists
base periodically throughout the working day. The Quartz-mica 76 2,820 2,700-2,960
observed base station gravity readings are then plotted Muscovite-biotite 32 2,760
. . - o . . Chlorite-sericite 50 2,820 2,730-3,030
versus time, and a line is fitted to them to provide time ¢ (Taconic) 17 2810 2710-2.840
rates of drift for the correction of the remainder of the amphibolite 13 2,990 2.790-3,140

observations. Typically eight to ten measurements can be
made between base station occupations; the time between
base readings should be on the order of 1-2 hr. Where
higher precision is required, each station must be reoccu-
pied at least once during the survey.
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(&) If even higher precision is desired or if instru- c. Interpretation.
mental drift is large in comparison with the expected
gravity anomaly, then a leapfrogging of stations can be (1) Software packages for the interpretation of grav-
used. For example, if the stations are in an order givenity data are plentiful and powerful. The ease of use as
by a,b,c,d,ef,... then the station occupations might be indetermined by the user interface may be the most impor-
the sequence ab, abc, abcd, bcde, cdef, defg, etc. In thisant part of any package. The usual inputs are the resid-
way, each station would be occupied four times. Numeri- ual gravity values along a profile or traverse. The
cal adjustments, such as least squares minimization ofraverse may be selected from a grid of values along an
deviations, may be applied to reoccupation data sets. Thiorientation perpendicular to the strike of the suspected
procedure allows data quality to be monitored and con-anomalous body. Some of the programs allow one addi-
trolled and distributes any systematic errors throughouttional chance for residual isolation. The interpreter then
the grid. constructs a subsurface polygonal-shaped model and
assigns a density contrast to it. When the trial body has
(b) If base reoccupations are done approximately been drawn, the computer calculates the gravity effect of
every hour, known errors such as the earth tide are wellthe trial body and shows a graphical display of the
approximated by the removal of a drift correction that is observed data, the calculated data due to the trial body
linear with time. Even if the theoretical earth tide is and often the difference. The geophysicist can then begin
calculated and removed, any residual effects are removedarying parameters in order to bring the calculated and
along with instrumental drift by frequent base station observed values closer together. Parameters usually avail-
reoccupation. able for variation are the vertices of the polygon, the
length of the body perpendicular to the traverse, and the
b. Analysis. Once the basic free-air, Bouguer, ter- density contrast. Most programs also allow multiple
rain, and latitude corrections are made, an important stepoodies.
in the analysis remains. This step, called regional-residual
separation, is one of the most critical. In most surveys, (2) Because recalculation is done quickly (many
and in particular those engineering applications in which programs work instantaneously as far as humans are con-
very small anomalies are of greatest interest, there arecerned), the interpreter can rapidly vary the parameters
gravity anomaly trends of many sizes. The larger sizeduntil an acceptable fit is achieved. Additionally, the
anomalies will tend to behave as regional variations andeffects of density variations can be explored and the
the desired smaller magnitude local anomalies will be impact of ambiguity evaluated.
superimposed on them. A simple method of separating
residual anomalies from microregional variations is simply d. Case study In order to illustrate the practical
to visually smooth contour lines or profiles and subtract results of the above theoretical evaluations, two examples
this smoother representation from the reduced data. Thevere prepared. The geologic section modeled is a coal
remainder will be a residual anomaly representation.bed of density 2,000 kg/frand 2 m thickness. This bed, 9
However, this method can sometimes produce misleadingn below the surface, is surrounded by country rock of
or erroneous results. density 2,200 kg/ A water-filled cutout 25 m long and
an air-filled cutout 12 m long are present. The cutouts
(1) Several automatic versions of this smoothing are assumed infinite perpendicular to the cross-section
procedure are available including polynomial surface shown at the bottom of Figure 5-3. The top of Figure 5-3
fitting and band-pass filtering. The process requires con-illustrates the theoretical gravity curve over this geologic
siderable judgement and whichever method is used shouldection. The middle curve is a simulation of a measured
be applied by an experienced interpreter. field curve. Twenty-two hundredths of a urhisf random
noise have been added to the values from the top curve as
(2) Note that certain unavoidable errors in the reduc- an illustration of the effect of various error sources. The
tion steps may be removed by this process. Any erroranomalies are visible but quantitative separation from the
which is slowly varying over the entire site, such a distant noise might be difficult.
terrain or erroneous density estimates, may be partially
compensated by this step. The objective is to isolate the (1) Figure 5-4 is the same geologic section but the
anomalies of interest. Small wavelength (about 10 m)depth of the coal workings is 31 m. The anomalies are
anomalies may be riding on equally anomalous measurefar more subtle (note scale change) and, when the noise is
ments with wavelengths of 100 or 1,000 m. The scale of added, the anomalies disappear.
the problem guides the regional-residual separation.
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Figure 5-3. Geological model (bottom) including water
and air-filled voids; theoretical gravity anomaly (top)
due to model; and possible observed gravity (middle),

if 22 microgals (0.22 pm/s?) of noise is present. Depth
of layer is 10 m
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Figure 5-4. Geological model (bottom) including water
and air-filled voids, theoretical gravity anomaly (top)
due to model; and possible observed gravity (middle),

if 22 microgals (0.22 pm/s?) of noise is present. Depth
of layer is 31 m

(2) For the two cases given, Figure 5-3 represents a
clearly marginal case. Several points need to be

5-6

discussed. The noise added represents a compromise
value. In a hilly eastern coal field on a rainy day,
0.22 um/$ of error is optimistic. On a paved parking lot
or level tank bottom, the same error estimate is too high.
Note that the example uses random noise, while the errors
discussed above (soil thickness variations, etc.) will be
correlated over short distances.

(3) Another point is the idea of fracture migration or
a halo effect. Some subsidence usually occurs over voids,
or, in the natural case, the rock near caves may be
reduced in density (Butler 1984). The closer to the gravi-
meter these effects occur, the more likely is detection.

(4) Figure 5-5 illustrates a high precision survey over
a proposed reservoir site. The large size of the fault and
its proximity to the surface made the anomaly large
enough to be detected without the more rigorous approach
of microgravity. The area to the east is shown to be free
of faulting (at least at the scale of tens of meters of
throw) and potentially suitable as a reservoir site.
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Figure 5-5. Gravity traverses and interpreted models

e. Conclusions

In addition to anomaly evaluation, the source and size
of the irreducible field errors must be considered. Under
the proper conditions of large enough anomalies, good
surface conditions, and some knowledge of densities,

microgravity can be an effective tool for engineering
investigations.



